Background {#Sec1}
==========

Stroke is the leading cause of death and disability worldwide \[[@CR1]\]. The pathophysiological responses after ischemic stroke are complex, and there is currently no therapy to repair the damage caused after the initial insult. Only intravenous thrombolysis with tissue plasminogen activator (tPA) and endovascular treatment are effective therapies to treat the acute phase \[[@CR2]\]. However, these approaches are limited by a narrow therapeutic window (\< 4.5 h for tPA and 6--24 h for endovascular treatment) \[[@CR3], [@CR4]\]. In this sense, mesenchymal stem cell (MSC) treatment is emerging as a promising therapy due to its post-stroke reparative properties. MSCs participate in processes such as neurogenesis, synaptogenesis, oligodendrogenesis, axonal connectivity, and myelin formation and have been shown to be effective independently of whether the lesion involves gray or white matter \[[@CR5]--[@CR7]\]. The mechanisms underlying these therapeutic effects of stem cells are unknown, but they might be related to paracrine actions through secretory factors in the extracellular space that modify cell behavior favoring brain recovery. In this sense, extracellular vesicles (EVs) have complex functions in cell-to-cell communication and compound exchange, although their physiological roles are still unknown. EVs are vesicles of endosomal origin that carry bioactive molecules (proteins, RNA, DNA, and lipids) and are secreted by all cell types \[[@CR8], [@CR9]\]. Due to their ability to cross the blood-brain barrier (BBB), EVs have emerged as novel therapeutic effectors in regenerative medicine for neurological diseases \[[@CR10], [@CR11]\]. In particular, EVs derived from MSCs have been shown to promote functional recovery \[[@CR12]--[@CR16]\], providing long-term brain protection \[[@CR15]\], gray matter repair, and recovery, and have been associated with an increase in neurogenesis and angiogenesis \[[@CR14]\], significant enhancement of white matter repair \[[@CR13]\], and immunomodulation \[[@CR12], [@CR15]\] in experimental animal models of stroke \[[@CR17]\] using a dose of 100 μg \[[@CR13]--[@CR16]\]. The administration of EVs derived from MSCs is still an incipient therapy, and many aspects remain to be resolved. The time of administration, the most effective route, and the minimum effective dose are aspects that still need to be determined before implementing the treatment at the clinical level. In the preclinical studies, there is strong evidence of the importance of dose in neurological outcomes after brain ischemia. Since preclinical data indicate that dose is an important factor in optimizing therapy \[[@CR18]\], this raises the question of whether a higher dose of EVs will produce a greater effect in recovery. Therefore, in this study, the aim was to conduct a dose-response study of EVs from adipose tissue-derived MSCs to identify the optimal effective dose to enhance protection, repair, and recovery using an in vitro oxygen and glucose deprivation (OGD) model and in an in vivo model of subcortical stroke in rats.

Materials and methods {#Sec2}
=====================

Ethics statement {#Sec3}
----------------

In this study, animal care and experimental procedures were strictly in accordance with the Guide for the Care and Use of Laboratory Animals, and the study was approved by La Paz University Hospital's Ethics Committee for the Care and Use of Animals in Research (Ref. PROEX 361/15), according to the Spanish and European Union rules (86/609/CEE and RD53/2013). The experiments were conducted according to stroke therapy academic industry roundtable \[[@CR19], [@CR20]\] and ARRIVE \[[@CR21]\] guidelines in terms of randomization, blinding, and statistical power (<https://www.nc3rs.org.uk/arrive-guidelines>).

Cell culture protocol, EV isolation and characterization {#Sec4}
--------------------------------------------------------

MSCs obtained from allogeneic adipose tissue of Sprague-Dawley rats (250--300 g) were cultured. The adipose tissue was digested with collagenase (Sigma-Aldrich) and incubated at 37 °C in 5% CO~2~. On the third pass, MSCs were cultured overnight with an EV-free fetal bovine serum culture medium. After 24 h, the cell supernatants were collected and the EVs were obtained using an EV isolation kit (Exoquick, SBI), following the manufacturer's instructions. For characterization and further administration, the purified EVs were eluted in phosphate-buffered saline (PBS) and stored at − 20 °C until use. The EVs were quantified by measuring the total protein concentration using a bicinchoninic acid commercial kit (Thermo Scientific, Waltham, MA, USA).

EVs were characterized based on their morphology and size (\< 150 nm), using electron microscopy, NanoSight (NanoSight Ltd., UK), and western blot technique. For electron microscopy, the EVs were fixated in 2.5% gluteraldehyde 0.1 M sodium cacodylate solution for 1 h at 4 °C. Post fixation took place using 2% osmium tetroxide for 1 h at 4 °C. The EV pellet was dehydrated and then embedded in resin. Sixty-nanometer-thick sections were cut and observed under transmission electron microscopy at 80 kV. For western blot technique, the EVs were characterized using their phenotype expression of CD63 (1:1000, Abcam), CD81 (1:1000, Abcam), and ALIX (1:1000, Cell Signal) as a positive marker and albumin (11,000, Abcam) as a negative marker (Fig. [1](#Fig1){ref-type="fig"}a). Fig. 1Experimental protocol schematic. **a** EVs characterization using various techniques: EVs imaged by electronic microscope (left); histogram representing a distribution graph of size and concentration of the particles of the EVs using NanoSight (middle); and CD63, CD81, and ALIX as positive markers and albumin as negative marker expression using western blot (right). Supernatant has been used as control. **b** In vitro study. Human neural progenitor cells were plated and cultured, using a seeding density of 1 × 10^4^ cells/cm^2^ and grown to 70% confluence. At 7 days, the cells were differentiated to oligodendrocytes and neurons, with medium changes every 2--3 days for 14 days. At 21 days, cells were subjected to normoxia or OGD and the following day the cells received various doses of EVs (10 μg, 20 μg, 30 μg, 50 μg, 100 μg, or 200 μg) for 72 h. After fixing, proliferation and marker expression were analyzed. **c** Biodistribution study of EVs. Rats were subjected to subcortical infarct by endothelin-1 injection. Twenty-four hours later, EVs were labeled with DiI prior to administration and the rats received treatment (50 μg, 100 μg, or 200 μg of EVs). At 48 h, histological studies for biodistribution of EVs were performed. **d** In vivo study. Subcortical stroke was induced using endothelin-1. Each group received one of various doses of MSC-derived EVs or a saline solution as treatment 24 h after surgery. Functional deficit and MRI scans were evaluated at 48 h and at 28 days after surgery. The blood levels of EVs were analyzed 24 h prior to surgery, and at 48 h and 28 days after surgery. The histological and molecular analyses were performed at 28 days. Abbreviations: EVs, extracellular vesicles; MRI, magnetic resonance image; OGD, oxygen and glucose deprivation

In vitro assay {#Sec5}
--------------

The therapeutic effects of various doses of EVs derived from adipose tissue MSCs on oligodendrocytes and neurons subjected to OGD conditions or normal oxygen levels were evaluated.

Human neural progenitor cells were acquired from Sigma-Merck Millipore. Cells were expanded (using a seeding density of 1 × 10^4^ cells/cm^2^) on tissue culture flasks (Fisher Scientific) coated with 20 mg/mL Matrigel (Sigma-Merck Millipore) in human expansion media (Sigma-Merck Millipore) supplemented with neural supplement 1 (× 50), recombinant human basic fibroblast growth factor (bFGF) (50 μg/mL), expansion supplement A (platelet-derived growth factor \[PDGF\]-AA), and expansion supplement B (NT3). Cells were routinely grown to 70% confluence and were then detached using Accutase (Sigma-Merck Millipore).

For differentiation of human neural progenitor cells into oligodendrocytes and neurons, the progenitor cells were cultured using a seeding density of 1 × 10^4^ cells/cm^2^ at P1 plated on glass coverslips (12 mm circles) with 100 μg/mL poly-L-ornithine and 10 μg/mL laminin into 24-well plates with expansion medium (human expansion media, supplemented with neural supplement 1 (× 50), recombinant human bFGF (50 μg/mL), PDGF-AA, and NT3, until 50% confluence was achieved. Seven days after seeding, the cells were treated with fresh human spontaneous differentiation complete medium supplemented with neural supplement 1 (× 50) for 14 days, with medium changes being done every 2--3 days.

For an in vitro model of ischemia, oligodendrocyte and neurons were plated to reach 70% confluence in a normal medium. At 7 days, the cells were differentiated to oligodendrocytes and neurons, with medium changes every 2--3 days for 14 days. At 21 days, cells were randomly divided into two groups. (A) In the OGD group, cells were cultured in a glucose-free medium and subjected to hypoxia (less than 1% O~2~, 5% CO~2~) for 3 h. Cells were then re-oxygenated (21% O~2~, 5% CO~2~). (B) In the control group, cells were cultured under normal oxygen conditions (21% O~2~, 5% CO~2~). In both groups, cells were assayed for HIF-1 (hypoxia-inducible factor) (1:300; BD Bioscience). At 22 days, cells subjected to OGD or normoxia were treated with PBS or with MSC-derived EVs (10 μg, 20 μg, 30 μg, 50 μg, 100 μg, or 200 μg). The cells were then fixed 25 days after seeding (Fig. [1](#Fig1){ref-type="fig"}b).

In vitro co-labeling of EVs and neural stem cells {#Sec6}
-------------------------------------------------

EVs were prelabeled with DiI (in red) and cells were prelabeled with DiO (in green). Timelabs were captured during 6 h after EV administration using the NIS-Element AR (Nikon) 4.5 Program.

In vitro cell proliferation and immunofluorescence analyses {#Sec7}
-----------------------------------------------------------

Cell proliferation was analyzed by Ki-67 staining (1:100, Chemicon, Temecula, CA, USA) using a × 40 objective lens and a Microscope Axio Lab.A1 (Carl Zeiss Microscopy GmbH, Germany).

The expression of various markers was studied using immunofluorescence for a marker related to mature neurons, such as microtubule-associated protein 2 (MAP-2) (1:1000, Millipore), and myelin-oligodendrocyte glycoprotein (MOG) (1:100, Abcam) for oligodendrocytes, followed by goat anti-mouse and anti-rabbit Alexa Fluor 488 and 594 (1:750, Invitrogen). Images were acquired as a maximum confocal projection and examined using a Leica TCS-SPE spectral confocal microscope (Leica Microsystems, Heidelberg, Germany) using a × 40 objective lens. The confocal images were obtained using LAS AF software (Leica). Mean fluorescence intensity was measured by the NIS-Element AR (Nikon) 4.5 Program.

In vivo biodistribution study of EVs {#Sec8}
------------------------------------

Three animals per group were used for the evaluation of EV biodistribution after administration. The EVs were labeled with CD63 (1:250, Abcam) and DiI (Celltracker CM-DiI, Invitrogen). Cryosections (10 μm thick) of the brain, lung, liver, and kidney were counterstained with 4′,6-diamidino-2-phenylindole (DAPI), and biodistribution was analyzed by immunofluorescence staining at 48 h post-stroke. Images were acquired as a confocal maximum projection using a Leica TCS-SPE confocal microscope (Leica Microsystems, Heidelberg, Germany), with a × 40 objective lens, and analyzed using LAS AF software (Leica). Mean fluorescence intensity was measured by the NIS-Element AR (Nikon) 4.5 Program (Fig. [1c](#Fig1){ref-type="fig"}).

Animals and surgery {#Sec9}
-------------------

Adult male and female rats were subjected to a subcortical infarction by an injection of 1 μL endothelin-1 (Calbiochem) (0.25 μg/μl) into the striatum using the following coordinates: + 0.4 mm anteroposterior, + 3.5 mm lateral, and + 6 mm dorsoventral from the bregma. Full details of this model have previously been published \[[@CR13]\].

A total of 55 male and female Sprague-Dawley rats (8--9 weeks old, weighing 200--250 g) were used for the entire study. Our strategy for animal welfare includes Reduction of Animals in Research. According to the 3Rs strategy \[[@CR22]\] and based on the results of the in vitro study (positive results for at least 50 μg of EVs henceforth), we decided to conduct the in vivo study of the following study groups (*n* = 10 \[5 male and 5 female\]) in each group: the sham rats were subjected to surgery without subcortical infarction and 1 ml of intravenous saline administration; the control rats were subjected to a subcortical infarction and 1 ml of intravenous saline administration; and three groups of rats were subjected to a subcortical infarction with various doses of intravenous EVs administration called low dose, 50 μg; intermediate dose, 100 μg; and high dose, 200 μg. EV treatment was administered via the tail vein at 24 h after surgery. All the animals were euthanized 28 days post-stroke (Fig. [1](#Fig1){ref-type="fig"}d). Five rats were excluded from the study: one male rat died during the magnetic resonance imaging (MRI), another male rat died 7 days after infarction surgery (from the control group), and the other three rats (one male and two females) were excluded because they did not show lesions on MRI analysis. Additionally, three animals per group were used for biodistribution analysis, which were euthanized at 48 h after stroke.

Quantification of circulating EVs in serum {#Sec10}
------------------------------------------

In order to analyze whether EV administration modifies the circulating number of EVs, this EV has been analyzed 24 h before stroke induction and then 48 h and 28 days after surgery. For this analysis, the blood samples were drawn from the tail vein and collected in anti-coagulant tubes, which were then centrifuged at 3000 rpm for 15 min. Serum samples were collected and immediately stored at − 80 °C until analysis. EVs were isolated from serum samples using an EV extraction kit (exoQuick, SBI). A commercially available enzyme-linked immune sorbent assay kit (CD63-A, SBI System Bioscience) was used by a researcher who was blinded to the study group to which the samples belonged, to evaluate differences in the quantity of circulating EVs in serum between groups.

Functional evaluation scales {#Sec11}
----------------------------

Functional evaluations were performed for all the animals by a blinded observer at 48 h, 7 days and 28 days after stroke induction. Motor performance was evaluated using the rotarod, beam-walking, and Rogers tests. The rotarod test measured the time to fall from a rotating cylinder \[[@CR23]\]. The beam-walking test measured the rats' ability to walk along a wooden beam (2.5 × 2.5 × 80 cm). Scores were assigned as follows: 0, traversed the beam with no foot slip; 1, traversed with grasping the side of the beam; 2, difficulty crawling along the beam but able to traverse; 3, required \> 10 s to traverse the beam because of difficulty walking; 4, unable to traverse the beam; 5, unable to move the body or any of its limbs along the beam; and 6, unable to stay on the beam for \> 10 s \[[@CR24]\]. A variant of Rogers' functional scale was used to assign scores as follows: 0, no functional deficit; 1, failure to fully extend forepaw; 2, decreased grip of forelimb while tail gently pulled; 3, spontaneous movement in all directions, contralateral circling only if pulled by the tail; 4, circling; 5, walking only when stimulated; 6, unresponsive to stimulation with a depressed level of consciousness; and 7, dead \[[@CR25]\].

In vivo magnetic resonance imaging {#Sec12}
----------------------------------

Lesion size was determined by MRI at 48 h and 28 days after subcortical infarction using a 7-T horizontal bore magnet (Bruker Pharmascan, Ettlingen, Germany) equipped with a 1H circular polarized volume coil with inner diameter of 40 mm and a Bruker gradient insert with 90 mm of diameter (maximum intensity 30 G/cm) and a T2-weight spin-echo image. Animals were anesthetized with a 2% isoflurante-oxygen mixture in an induction chamber, and the flow of anesthetic gas was constantly regulated to maintain a breathing rate of 50 +/− 20 bpm. The animal temperature was maintained at approx. 37 °C with a hot water circulated blanket. The physiological state of the rats was monitored using a monitoring system by SA INstruments (Stony Brook, NY; <http://www.i4sa.com/>) that controlled the respiratory rate and body temperature.

The lesion area was expressed as a percentage of the contralateral hemisphere, after correcting for brain edema. To correct for the brain edema effect, the lesion volume was determined by an indirect method: (infarct area) = (area of the intact contralateral hemisphere) − (area of the intact ipsilateral hemisphere). For the tractography analysis, diffusion tensor data were acquired with a spin-echo single-shot echo-planar imaging (EPI) pulse sequence using the following parameters: TR/TE 8000/35 ms; a signal average of 12, 30 noncollinear diffusion gradient scheme with a diffusion weighting *b* = 500 s/mm2 and *b* = 1000 s/mm2, 18 slices with a slice thicknes of 1.5 mm without a gap, field of view 35 × 35 mm. Total imaging time was 1 h 44 min. All EPI data were acquired with a single-shot EPI sequence, 96 × 96 matrix, and zero filled in *k* space to construct a 128 × 128 image matrix. Fractional anisotropy, mean diffusivity, trace, and the eigenvalues and eigenvector maps were calculated with a homemade software application written in Matlab (R2007a), and the 3D fiber tract map was created using the MedINRIA DTI Track software (<https://med.inria.fr/the-app/downloads>) \[[@CR24]\]. DTI was performed 48 h and at 28 days after treatment. The researchers recording the data were entirely blinded to the experimental groups.

Cell death and proliferation {#Sec13}
----------------------------

At 28 days, cell death was determined in the peri-infarct zone using TUNEL staining (TdT-FragEL DNA Fragmentation Detection Kit, Oncogene Research Products). Cell counts were performed in 4 sections from each animal (*n* = 6 per group; 3 males and 3 females) based on their nuclear morphology and dark color using a × 40 objective lens and image analysis software (Microscope Axio Lab.A1, Carl Zeiss Microscopy GmbH, Germany) as previously described \[[@CR7]\].

Cell proliferation was analyzed using Ki-67 staining (1:100, Chemicon, Temecula, CA, USA) in the subventricular zone after 28 days, in 4 sections of each animal (*n* = 6 per group; 3 males and 3 females), selected as previously described \[[@CR7]\], using a × 40 objective lens and a Microscope Axio Lab.A1 (Carl Zeiss Microscopy GmbH, Germany).

The differentiation of proliferating cells was analyzed using co-staining with Ki-67 (1:400, Millipore) followed by goat anti-rabbit Alexa Fluor 488 antibody (1:750, Invitrogen) and doublecortin (DCX) (1:250, Santa Cruz), Olig-2 (1:400, Millipore), and glial fibrillary acidic protein (GFAP) (1:400, Chemicon), followed by goat anti-mouse Alexa Fluor 594 antibody (1:750, Invitrogen). Images were acquired as a confocal maximum projection using a Leica TCS-SPE confocal microscope (Leica Microsystems, Heidelberg, Germany), with a × 40 objective lens, and analyzed using LAS AF software (Leica). Mean fluorescence intensity was measured by the NIS-Element AR (Nikon) 4.5 Program.

Immunofluorescence analyses {#Sec14}
---------------------------

The lesion area was evaluated using immunofluorescence for oligodendrocytes with MOG (1:100, Abcam) and myelin basic protein (MBP) (1:100, Abcam); astrocytes with GFAP (1:400, Chemicon); synaptic plasticity with synaptophysin (SYP) (1:200, Sigma); and trophic factor with brain-derived neurotrophic factor (BDNF) (1:1000, Millipore), followed by goat anti-mouse and anti-rabbit Alexa Fluor 488 (1:750, Invitrogen). Images were acquired as a confocal maximum projection using a Leica TCS-SPE confocal microscope (Leica Microsystems, Heidelberg, Germany), with a × 40 objective lens, and analyzed using LAS AF software (Leica). To quantify the expression of brain repair-associated markers, the mean fluorescence intensity was obtained using the NIS-Element AR (Nikon) 4.5 Program. The experiments, images, and quantification of the samples were performed by blinded observers using the same microscope configurations to eliminate bias due to background normalization (4 animals for each group \[2 males and 2 females\]; 4 sections in each animal per group).

Statistical analysis {#Sec15}
--------------------

The results were expressed as mean ± standard deviation (SD) and the data were tested for normality using the Shapiro-Wilk test. Normal distributed data was analyzed using one-way ANOVA followed by the Tukey HSD test (in vitro study, EVs in serum, Ki67, GFAP). Non-normal distributed data was analyzed using Kruskal-Wallis test followed by the Mann-Whitney test (MRI T2 and tractography, FE, EVs biodistribution, TUNEL, MOG, MBP, SYP, BDNF). Values of *p* \< 0.05 were considered significant at a 95% confidence interval; the data were analyzed using the statistical IBM SPSS 23 program and GraphPad Prism 8 software. The power analysis showed that with non-parametric testing, at least 10 animals needed to be randomly assigned to each group to achieve a significance level of 5% (alpha) and a power of 80% (1-beta).

Results {#Sec16}
=======

EV characterization {#Sec17}
-------------------

EVs showed typical morphology and size (\< 200 nm) by an electron microscope and Nanosight. EVs were detected by specific positive (CD63, CD81, ALIX) and negative (albumin) markers on a western blot assay (Fig. [1](#Fig1){ref-type="fig"}a).

In vitro analysis under conditions of normoxia and OGD {#Sec18}
------------------------------------------------------

The expression of HIF-1 in cultured cells confirmed that they were subjected to OGD properly (Supplemental Material).

EVs and neural stem cell co-labeling {#Sec19}
------------------------------------

For biodistribution analysis, EVs were prelabeled with DiI tracker (EVs-DiI) and neural stem cells were prelabeled with DiO (cells-DiO). EVs-DiI were administered in vitro to cells-DiO subjected to OGD. There was no co-localization observed between EVs-DiI and cells-DiO 2 h after administration; however, there was co-labeling of DiI and DiO markers 4 h after EVs administration (Fig. [2](#Fig2){ref-type="fig"}a). Fig. 2In vitro assay. **a** Timelabs images of biodistribution of the EVs-DiI in neural stem cells-DiO subjected to OGD before, in the moment of EVs administration 2 h and 4 h after EVs administration. **b** Qualitative and quantitative images of cell proliferation of neural stem cells by Ki-67 staining under conditions of normoxia and OGD (*n* = 10 assays per group) (data are mean ± SD; for normoxia conditions *p* \< 0.05: *π* = control vs. 100 μg and 200 μg; *α* = 10 μg, vs. 100 μg and 200 μg; *β* = 20 μg, vs. 100 μg and 200 μg; *γ* = 30 μg vs. 100 μg and 200 μg; *δ* = 50 μg vs. 10 μg and 30 μg; *ε* = 100 μg vs. control, 10 μg, 20 μg, and 30 μg; *λ* = 200 μg vs. control, 10 μg, 20 μg, and 30 μg. For OGD conditions, *p* \< 0.05: *π* = control vs. 50 μg, 100 μg, and 200 μg; *α* = 10 μg, vs. 100 μg and 200 μg; *β* = 20 μg, vs 50 μg, 100 μg, and 200 μg; *δ* = 50 vs. control and 20 μg; ε = 100 vs. control, 10 μg and 20 μg; *λ* = 200 vs. control, 10 μg and 20 μg; 4′,6-diamidino-2-phenylindole (DAPI) is used for nuclear staining and B-actin for cytoplasm staining. Abbreviations: EVs, extracellular vesicles; OGD, oxygen and glucose deprivation. **c** Representative immunofluorescence images of neurons expressing MAP-2 and oligodendrocyte expressing MOG after receiving various doses of EVs under conditions of normoxia and OGD. 4′,6-diamidino-2-phenylindole (DAPI) was used for nuclear staining. Quantitative analysis of MAP-2 and MOG marker expression by immunofluorescence (*n* = 10 assays per group) (data are mean ± SD. For MAP-2 marker in normoxia conditions *p* \< 0.05: *π* = control vs. 20 μg, 30 μg, 50 μg, 100 μg, and 200 μg; *α* = 10 μg, vs. 20 μg, 30 μg, 50 μg, 100 μg, and 200 μg; *β* = 20 μg, vs. all of groups; *γ* = 30 μg vs. all of groups; *δ* = 50 μg vs. all of groups; *ε* = 100 μg vs. all of groups; *λ* = 200 μg vs. all of groups. For MOG marker in normoxia conditions, *p* \< 0.05: *π* = control vs. all of groups; *α* = 10 μg, vs. all of groups; *β* = 20 μg, vs. all of groups; *γ* = 30 μg vs. control, 10 μg; 20 μg; *δ* = 50 μg vs. control, 10 μg; 20 μg; *ε* = 100 μg vs. control, 10 μg; 20 μg; *λ* = 200 μg vs. control, 10 μg; 20 μg. For MAP-2 marker in OGD conditions, *p* \< 0.05: *π* = control vs 50 μg, 100 μg, and 200 μg; *α* = 10 μg, vs. 20 μg, 30 μg, 50 μg, 100 μg, and 200 μg; *β* = 20 μg, vs 10 μg; 30 μg; 50 μg, 100 μg, and 200 μg; *γ* = 30 μg vs. 10 μg; 20 μg; 50 μg, 100 μg, and 200 μg; *δ* = 50 μg vs. control, 10 μg; 20 μg; 30 μg and 200 μg; *ε* = 100 μg vs. control, 10 μg; 20 μg, 30 μg, and 200 μg; *λ* = 200 μg vs. all of groups. For MOG marker in OGD conditions, *p* \< 0.05: *π* = control vs. 30 μg, 50 μg, 100 μg, and 200 μg; *α* = 10 μg, vs. 30 μg, 50 μg, 100 μg, and 200 μg; *β* = 20 μg, vs. 30 μg, 50 μg, 100 μg, and 200 μg; *γ* = 30 μg vs. all of groups; *δ* = 50 μg vs. all of groups; *ε* = 100 μg vs. all of groups; *λ* = 200 μg vs. all of groups). Abbreviations: DCX, doublecortin; EVs, extracellular vesicles; MAP-2, microtubule associated protein 2; MOG, myelin oligodendrocyte glycoprotein; OGD, oxygen and glucose deprivation

Effect of EV treatment on cell proliferation {#Sec20}
--------------------------------------------

A quantitative analysis of proliferative cells was performed using Ki-67 labeling. Under conditions of normoxia, the number of Ki-67-positive cells was significantly higher in the cell receiving 100 μg (12.1 ± 0.70 cells; *p* = 0.001) and 200 μg (14.2 ± 2.82 cells *p* \< 0.001) compared to the control cells (6.3 ± 1.41 cells). However, no significant differences were found in the cells receiving 10 μg (6.0 ± 2.12 cells), 20 μg (8.6 ± 0.70 cells), 30 μg of EVs (6.3 ± 2.82 cells), and 50 μg (10.5 ± 4.24 cells) compared to the controls (6.3 ± 1.41 cells). Under OGD conditions, cell proliferation was significantly higher in the cells receiving 50 μg of EVs (7.3 ± 3.25 cells; *p* = 0.005), 100 μg (9.3 ± 2.82 cells; *p* \< 0.001), and 200 μg (9.4 ± 3.53 cells; *p* \< 0.001) compared to control cells (1.2 ± 0.7 cells). However, no significant differences were found in cell proliferation when comparing 10 μg (2.7 ± 1.41 cells), 20 μg (1.6 ± 0.98 cells), and 30 μg doses of EVs (5.1 ± 2.82 cells) with the control cells (1.2 ± 0.7 cells) (Fig. [2](#Fig2){ref-type="fig"}b).

Effect of EV treatment on brain repair-associated marker expression {#Sec21}
-------------------------------------------------------------------

The expression of the MAP-2 marker was similar in control cells \[2.09 × 10^5^ ± 1.15 × 10^4^ arbitrary units (A.U.)\] than in cells receiving 10 μg of EVs (2.12 × 10^5^ ± 1.5 × 10^4^ A.U.). MAP-2 signal was significantly lower in cells treated with 20 μg of EVs (1.16 × 10^5^ ± 1.4 × 10^4^ A.U.; *p* = 0.011) compared to control cells (2.09 × 10^5^ 1.15 × 10^4^ A.U.). MAP-2 signal was significantly higher in cells receiving 30 μg (4.28 × 10^5^ ± 2.9 × 10^4^ A.U.; *p* \< 0.001), 50 μg (5.21 × 10^5^ ± 1.07 × 10^4^ A.U.; *p* \< 0.001), 100 μg (6.14 × 10^5^ ± 6.9 × 10^4^ A.U.; *p* \< 0.001), and 200 μg doses of EVs (7.14 × 10^5^ ± 4.9 × 10^4^ A.U.; *p* \< 0.001) compared to controls (2.09 × 10^5^ 1.15 × 10^4^ A.U.) under conditions of normoxia (Fig. [2](#Fig2){ref-type="fig"}c).

Notably, under OGD conditions, the expression of MAP-2 was similar in control cells (2.40 × 10^5^ ± 2.06 × 10^4^ A.U.), in cells receiving 10 μg (1.40 × 10^5^ ± 2.5 × 10^4^ A.U.), 20 μg (8.4 × 10^5^ ± 7.2 × 10^4^ A.U.), and 30 μg doses of EVs (10.3 × 10^5^ ± 4.2 × 10^4^ A.U. However, a significant increase in the signal of MAP-2 marker was found in cells treated with 50 μg (16.99 × 10^5^ ± 7.4 × 10^4^ A.U.; *p* \< 0.001), 100 μg (17.57 × 10^5^ ± 4.4 × 10^4^ A.U.; *p* \< 0.001), and 200 μg doses of EVs (24.95 × 10^5^ ± 5.62 × 10^4^ A.U.; *p* \< 0.001) (Fig. [2](#Fig2){ref-type="fig"}c).

MOG expression in control cells (1.37 × 10^5^ ± 1.30 × 10^4^ A.U.; *p* \< 0.001) was significantly lower than all the groups of cells receiving all doses of EVs. However, the signal of MOG marker was significantly higher in cells treated with 30 μg (9.8 × 10^5^ ± 0.2 × 10^4^ A.U.), 50 μg (9.69 × 10^5^ ± 0.4 × 10^4^ A.U.), 100 μg (9.60 × 10^5^ ± 0.1 × 10^4^ A.U.), and 200 μg doses of EVs (9.02 × 10^5^ ± 4.08 × 10^4^ A.U.) when comparing to the cells receiving 10 μg (4.72 × 10^5^ ± 1.76 × 10^4^ A.U.; *p* \< 0.001) and 20 μg of EVs (8.22 × 10^5^ ± 0.8 × 10^4^ A.U.; *p* = 0.006) under conditions of normoxia (Fig. [2](#Fig2){ref-type="fig"}c).

Under OGD conditions, the signal of MOG marker was similar in control cells (3.20 × 10^5^ ± 1.73 × 10^4^ A.U.) than in 10 μg (3.70 × 10^5^ ± 2.4 × 10^4^ A.U.) and 20 μg of EVs (3.55 × 10^5^ ± 0.5 × 10^4^ A.U.). However, the signal of MOG marker was significantly higher in cells treated with 30 μg (4.40 × 10^5^ ± 1.8 × 10^4^ A.U.; *p* = 0.012), 50 μg (8.69 × 10^5^ ± 0.9 × 10^4^ A.U.; *p* \< 0.001), 100 μg (6.33 × 10^5^ ± 1.4 × 10^4^ A.U.; *p* \< 0.001), and 200 μg of EVs (7.09 × 10^5^ ± 1.3 × 10^4^ A.U.; *p* \< 0.001) compared to controls (Fig. [2](#Fig2){ref-type="fig"}c).

Taking into account the results of the in vitro study, it was concluded that doses of 10 μg, 20 μg, and 30 μg of EVs are not enough to promote proliferation and differentiation in OGD conditions of different lineages of brain cells. In order to minimize the number of animals used in research, we eliminated those doses from the in vivo study.

Analysis of EV treatment in an in vivo animal model of stroke {#Sec22}
=============================================================

EV biodistribution in tissue and serum {#Sec23}
--------------------------------------

Following the analysis of histochemical sections of various organs, the EVs-DiI were found not only in peripheral organs such as the lung, liver, and kidney, but also in the brain tissue 48 h after stroke (Fig. [3](#Fig3){ref-type="fig"}a). Quantification of EVs in serum by ELISA analysis showed a tendency of EVs to decrease after 28 days (3.42 × 10^7^ ± 1.70 × 10^7^) compared to the levels after 48 h (4.45 × 10^7^ ± 0.61 × 10^7^) in the control animals. The number of EVs in the serum of the animals receiving treatment with EVs did not show significant differences by 28 days (low dose, 5.83 × 10^7^ ± 1.26 × 10^7^; intermediate doses, 5.57 × 10^7^ ± 0.98 × 10^7^; high dose, 5.56 × 10^7^ ± 1.49 × 10^7^) compared to the levels after 48 h (low dose, 4.19 × 10^7^ ± 1.31 × 10^7^; intermediate dose, 5.44 × 10^7^ ± 1.09 × 10^7^; high dose, 5.24 × 10^7 ^± 1.05 × 10^7^) after treatment (Fig. [3](#Fig3){ref-type="fig"}b). Fig. 3EV biodistribution and quantification. **a** Representative immunofluorescence images displaying the biodistribution of intravenously administered EVs in the various organs: brain, lung, liver, and kidney (red color shows DiI marker EVs, green color shows CD63 marker) and their quantification (data are shown as mean ± SD; *n* = 3 animals per group). **b** Quantification of circulating EVs in serum in the groups treated with one of several doses of EVs before stroke (baseline) and at 48 h and 28 days after stroke (*n* = 10 animals per group; 5 male and 5 female). Data are shown as mean ± SD

Effect of EV treatment on functional recovery {#Sec24}
---------------------------------------------

The functional evaluation of the sham animals was homogeneous throughout the study. At 28 days, the animals treated with EVs showed a significant improvement in functional evaluation compared to the control group using a low dose of EVs (rotarod \[control, 67.43 ± 24.43 s; low dose, 94.04 ± 28.80 s; *p* = 0.026\], beam-walking \[control, 1.79 ± 1.17 points; low dose, 0.50 ± 0.71 points; *p* = 0.003\], and Rogers \[control, 1.25 ± 1.24 points; low dose, 0.10 ± 0.32 points; *p* = 0.006\]); using an intermediate dose of EVs (rotarod \[control, 67.43 ± 24.43 s; intermediate dose, 84.76 ± 34.84 s; *p* = 0.046\], beam-walking \[control, 1.79 ± 1.17 points; intermediate dose, 0.64 ± 0.73 points; *p* = 0.001\], and Rogers \[control, 1.25 ± 1.24 points; intermediate dose, 0.25 ± 0.44 points; *p* = 0.001\]); and using a high dose of EVs (beam walking \[control, 1.79 ± 1.17 points; high dose, 0.50 ± 0.71 points; *p* = 0.003\]. But there was no significant difference found in the rotarod test at 28 days between the control group (67.43 ± 24.43 s) and the high-dose EV group (68.07 ± 45.65 s). Despite the fact that all the treated groups achieved a significant recovery after 28 days compared to the control group, the animals that received a high dose, in some cases, showed the earliest improvement in recovery at 48 h and 7 days (data not show). However, after 28 days, the high-dose group did not show significant differences in the rotarod, beam-walking, and Rogers tests compared to intermediate and low doses (Fig. [4](#Fig4){ref-type="fig"}a). Fig. 4Functional recovery and MRI analysis. **a** Recovery of motor impairment analysis of functional evaluation using three different tests (rotarod, beam-walking, and Rogers test) in animals subjected to three doses of EV treatment (*n* = 10 animals per group; 5 males and 5 females). **b** Representative images of T2-weighted MRI of animals receiving all doses of EVs (*n* = 6 animals per group: 3 males and 3 females). **c** Representative tractography images with the lesion side in detail of the animals subjected to various doses of EVs (*n* = 6 animals per group; 3 males and 3 females). Data are shown as mean ± SD. \**p* \< 0.05. Abbreviations: EVs, extracellular vesicles

Effect of EV treatment on lesion size and tract connectivity {#Sec25}
------------------------------------------------------------

The lesion size viewed on MRI in the EV-treated animals was indistinguishable from the size of the lesions in the control group (3.04% ± 2.01%) compared with the treated groups at 28 days (low dose, 4.15% ± 2.06%; intermediate dose, 5.83% ± 9.26%; high dose, 3.90% ± 4.16%) (Fig. [4](#Fig4){ref-type="fig"}b). On DTI tractography, significant higher axial diffusivity values were found in control (173.68 ± 6.42 μm^2^/s vs. 144.06 ± 34.68 μm^2^/s; *p* = 0.05), low (218.87 ± 17.03 μm^2^/s vs. 133.76 ± 20.73 μm^2^/s; *p* = 0.009), and high (204.77 ± 10.94 μm^2^/s vs. 156.21 ± 38.98 μm^2^/s; *p* = 0.0006) doses of EVs when comparing at 28 days with 48 h, respectively. Besides, at 28 days, significant differences were observed between the control animals (173.68 ± 6.42 μm^2^/s) and the animals receiving treatment with various doses of EVs (low dose, 218.87 ± 17.03 μm^2^/s, *p* = 0.025; intermediate dose, 206.80 ± 14.11 μm^2^/s, *p* = 0.050; high dose, 204.77 ± 10.94 μm^2^/s, *p* = 0.020) in axial diffusivity (Fig. [4](#Fig4){ref-type="fig"}C). In the treated groups, a significant progressive reduction in white matter injury showed augmented connectivity of fiber tracts compared to the control group.

Effect of EV treatment on cell death and proliferation {#Sec26}
------------------------------------------------------

After 28 days, there were significantly fewer TUNEL-positive cells in the peri-infarct area in the treatment groups (low dose, 7.00 ± 2.95 cells, *p* = 0.001; intermediate dose, 8.81 ± 2.79 cells, *p* = 0.001; high dose, 9.75 ± 2.46 cells, *p* = 0.001) than in the control group (19.00 ± 3.55 cells) (Fig. [5](#Fig5){ref-type="fig"}a). Fig. 5Cell death and proliferation analysis. **a** Qualitative and quantitative images of cell death by TUNEL \[6 animals: 3 males and 3 females\], 4 sections each per group. Data are mean ± SD; \**p* \< 0.05. **b** Qualitative and quantitative images of cell proliferation by Ki-67 staining \[6 animals: 3 males and 3 females\], 4 sections each per group. Data are mean ± SD; \**p* \< 0.05. **c** Representative images of proliferating cells co-labeled with DCX, Olig-2, and GFAP markers at 28 days after treatment; DAPI was used for nuclear staining. Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; EVs, extracellular vesicles

A quantitative analysis of proliferative cells was performed using Ki-67 labeling 28 days after treatment. The number of Ki-67-positive cells was significantly higher in the treatment groups (low dose, 11.54 ± 3.58 cells, *p* = 0.004; intermediate dose, 12.00 ± 4.71 cells, *p* = 0.005) than in the control group (5.96 ± 2.90 cells) (Fig. [5](#Fig5){ref-type="fig"}b).

In all groups, especially in treated groups with EVs, proliferating cells with various markers were found to be co-labeled, such as with DCX, Olig-2, and GFAP, indicating a new generation of several types of neurovascular unit cells (Fig. [5](#Fig5){ref-type="fig"}c).

Effect of EV treatment on the expression of brain repair-associated marker {#Sec27}
--------------------------------------------------------------------------

Considering the heterogeneity of EV contents, brain repair enhancement is expected to be mediated by various mechanisms. For this reason, this study analyzed the expression of several brain repair-associated markers related to all components of the neurovascular unit (neurons, astrocytes, oligodendrocytes, myelin, vessels, etc.) (Fig. [6](#Fig6){ref-type="fig"}). Fig. 6Brain repair-associated markers. Representative immunofluorescence images of MOG, MBP, GFAP, SYP, and BDNF (4 animals for each group \[2 males and 2 females\], 4 sections in each animal per group). Data are mean ± SD, \**p* \< 0.05. Abbreviations: EVs, extracellular vesicles

Regarding white matter-related markers, levels of MOG were significantly higher in the treatment groups (low dose, 19.15 ± 6.64 A.U., *p* = 0.001; intermediate dose, 22.38 ± 7.76 A.U., *p* = 0.001; high dose, 24.77 ± 8.70 A.U., *p* = 0.001) than in the control group (11.88 ± 4.13 A.U.). The animals treated with EVs showed significantly higher levels of MBP (low dose, 15.18 ± 3.36 A.U., *p* = 0.001; intermediate dose, 19.10 ± 5.08 A.U., *p* = 0.001; high dose, 19.95 ± 6.77 A.U., *p* = 0.001) than those in the control group (10.23 ± 3.04 A.U.) With respect to astrocytes, GFAP levels were significantly lower in the treatment groups (low dose, 8.65 ± 2.92 A.U., *p* = 0.001; intermediate dose, 8.24 ± 2.97 A.U., *p* = 0.001; high dose, 5.21 ± 1.49 A.U., *p* = 0.001) than in the control group (17.04 ± 6.66 A.U.). Neurons showed significantly higher synaptophysin levels in the treatment group with an intermediate dose (3.63 ± 1.26 A.U., *p* = 0.047) than in the control group (2.45 ± 0.23 A.U.).

Conversely, with respect to the trophic factor BDNF, only in the low-dose group (5.05 ± 2.96 A.U.) were its levels significantly higher than in the control (2.50 ± 0.88 A.U., *p* = 0.031) and the intermediate groups (2.50 ± 1.69 A.U., *p* = 0.046). BDNF signal was similar in the intermediate (2.50 ± 1.69 A.U.) and high dose (2.91 ± 1.56 A.U.) groups compared to the control group (2.50 ± 0.88 A.U.).

Discussion {#Sec28}
==========

Treatment with MSC-derived EVs is an emerging, powerful and promising therapy to mediate restorative effects in neurological disease, including stroke. The treatment appears to act by carrying multiple active molecules that participate in enhancing brain repair after stroke \[[@CR8], [@CR9]\]. However, many aspects of this treatment, such as the most suitable dose, remain unknown and need to be determined before the treatment can be routinely applied in clinical practice. Therefore, the aim of this study was to identify the optimal effective dose using different doses of EVs (10 μg, 20 μg, 30 μg, 50 μg, 100 μg, and 200 μg) that could promote proliferation and differentiation in an in vitro model of OGD conditions in neurons and oligodendrocytes and could enhance brain protection, repair, and recovery in an experimental animal model of subcortical infarction. The in vitro bioactivity study showed that at least a dose of 50 μg of EVs was needed to increase cell proliferation under OGD conditions in neural stem cells. In this regard, at least the same dose of EVs (50 μg) is needed to induce a greater number of differentiation markers to neurons (MAP-2) and oligodendrocytes (MOG) under OGD conditions. Taking into account the results of the in vitro study, the authors concluded that doses 10 μg, 20 μg, and 30 μg of EVs were not enough to promote proliferation and differentiation under OGD conditions of different lineages of brain cells. In order to minimize the number of animals used in research, those doses were excluded from the in vivo study. Thus, after an in vivo analysis of an intravenous infusion of 50 μg, 100 μg, and 200 μg of EVs, all these doses were shown to improve functional outcomes associated with decreased cell death, as well as restoration of fiber tract connectivity, increasing oligodendrocyte markers, and re-myelination in an experimental animal model of subcortical infarction.

One of the characteristics that make EVs an attractive treatment for stroke is their ability to cross the BBB following intravenous administration. In order to amplify the information regarding biodistribution, pre-labeled intravenously administered EVs were tracked in the brain, peripheral organs, and serum of rats. In this study, pre-labeled EVs were found in the brain tissue and peripheral organs (lung, liver, and kidney) 48 h after stroke. These results are consistent with previous studies demonstrating that intravenously administered EVs can reach not only peripheral organs but also the brain, co-labeling with VEGF, NeuN, GFAP, and Iba-1 \[[@CR13]\], and that the intravenously administered GFAP-tagged EVs were transferred to adjacent astrocytes and neurons \[[@CR26]\]. These results were complemented by those obtained in the in vitro study, which showed that EVs are internalized in the cells 4 h after their administration.

Taking into account the translational point of view, when a new stroke strategy is tested on animals, it is important to know whether it has an effect on functional recovery. In this study, the animals receiving high doses of EVs achieved the earliest improvement compared to those receiving low and intermediate doses. In contrast, only low and intermediate doses achieved good functional recovery at 28 days compared to the controls. At 28 days, these results clearly suggest a true upturn-enhancing effect for MSC-derived EV administration. These results are consistent with previous experimental data in which MSC-derived EVs administered alone or in combination with MSCs improved long-term neurological functional outcome after stroke \[[@CR12]--[@CR16]\].

Despite enhancing motor recovery, intravenously administered MSC-derived EVs did not reduce lesion volume in study as measured by T2-MRI. This result agrees with a previous finding in which the lesion size in the EV-treated animals was indistinguishable from the control \[[@CR13]\]. In an MRI tractography analysis, we found a time-dependent increasement in DTI parameters after stroke in the peri-lesioned area in the control group, low and high doses of EVs groups. These results agree with previous studies which have demonstrated that sprouting of fibers from surviving neurons and formation of new synapses were found in peri-infarct zones after stroke a time-dependent manner \[[@CR27], [@CR28]\]. It is expected that the rats show some recovery, since axonal projections are reorganized in the perilesional tissue after stroke \[[@CR29]\]. Moreover, DTI analysis also showed significantly higher levels of axial diffusivity inside the lesion area of those animals that had been treated with EVs compared to the controls. These results may indicate that although the overall lesion size did not decrease, inside the lesion, there was higher axonal connectivity and better recovery of white matter. Thus, EV treatment produces a significant enhancement of axonal repair and brain connectivity. The results of this study are consistent with those of previous studies which found an increase in axonal density in the cortical area \[[@CR13]\] and neurite remodeling in the ischemic boundary \[[@CR14]\].

Furthermore, this study also investigated the ability of various doses of MSC-derived EVs to reduce cell death after a subcortical infarction. In this regard, animals receiving any of the doses of EVs presented significantly fewer TUNEL-positive cells in the peri-infarct area after 28 days, compared to controls indicating that 50 μg of EVs is enough to reduce cell death under ischemic conditions.

The central nervous system continuously generates new cells in several specific regions of the adult mammalian brain, and in this study, said proliferation was shown to be enhanced by EVs derived from MSCs. Ki-67 staining showed large numbers of proliferative cells, using low and intermediate doses of EVs compared to the control group at 28 days after subcortical infarction. Consistent with previous studies \[[@CR12], [@CR14], [@CR15]\], these results suggest that in the treated groups, proliferating cells with various markers were found to be co-labeled, for example, with DCX, GFAP, and Olig-2, indicating genesis of new neurons and astrocytes as well as oligodendrocyte progenitors. These results are also correlated with those obtained in vitro, where at least 50 μg of EVs were needed to promote proliferation of neural stem cells subjected to OGD conditions.

Some brain repair mechanisms are quickly activated after ischemia, and MSC-derived EVs offer a powerful therapeutic tool to promote endogenous brain repair mechanisms after a stroke while overcoming the limitations of cell-based therapy \[[@CR30]\]. In order to better understand these mechanisms, this study also analyzed the brain tissue levels and in vitro differentiation of repair-related markers. In the in vivo study, the levels of MOG and MBP, markers related to oligodendrocyte differentiation and myelin fiber maturation, respectively, were higher in all the treated groups compared to the controls. These results agree with previous studies in which oligodendrocyte progenitor cells and mature oligodendrocytes were significantly increased after EV treatment \[[@CR13], [@CR31]\]. These results also correlate with those obtained in vitro, where 50 μg, 100 μg, and 200 μg of EVs promoted an increase of proliferation markers of OPC to oligodendrocyte (MOG) subjected to OGD conditions, with EVs playing an essential role in oligodendrocyte maturation and myelination. On the other hand, MAP-2 is a mature-specific marker and plays a role in the stability of axons and neuronal cell bodies through the differentiation process. In this study, there was also a significant increase in neural differentiation levels of MAP-2 marker in the neurons treated with at least 50 μg of EVs compared with cells receiving the lower doses. These results suggest that lower doses of EVs are not sufficient to reach the later stages of neuronal maturation.

Synaptophysin is an indicator of synaptic plasticity and synaptogenesis. In this study, levels of SYP were significantly higher in intermediate dose group compared to the control group. These data suggest that EV treatment increases neurite remodeling and synaptic plasticity, as has previously been published \[[@CR14]\].

In response to a stroke, astrocytes are activated and form a glial scar, which protects the healthy tissue from cascading uncontrolled tissue damage. GFAP has been suggested to be a specific marker of astrocyte activation which may play controversial roles in cerebral damage. For example, astrocyte over-activation might inhibit axonal regeneration \[[@CR32]\]. In this study, EV treatment reduced astrogliosis, as evidenced by decreased GFAP expression.

BDNF is a member of the neurotrophin family of trophic factors, which mediates activities related to neuronal proliferation, survival, differentiation, and plasticity in many neuronal populations of the central and peripheral nervous system \[[@CR33]\]. In our study, only low dose was associated with a significant increase in BDNF expression compared to the control group. The findings suggest that low doses of EVs have great potential as a regenerative therapy for stroke.

Conclusions {#Sec29}
===========

This study helped to identify 50 μg of MSC-derived EVs as the optimal effective dose to enhance brain protection, repair, and recovery after a subcortical ischemic experimental stroke. This dose showed a clear effect of improving functional outcomes associated with increased cell proliferation and decreased cell death, as well as restoration of fiber tract connectivity, increased numbers of oligodendrocyte markers, and remyelination in an experimental animal model of subcortical infarction. The in vitro study confirmed the results obtained in the in vivo study and showed that doses below 50 μg of EVs are not sufficient to achieve all these benefits.
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 {#Sec30}

**Additional file 1: Figure S1.** Representative immunofluorescence images of the absence of HIF-1 under conditions of normoxia and its presence under OGD conditions.
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